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Nomenclature
A = cross-sectional area of nozzle at acoustic origin (see

Fig. 2)
A s = surface area of nozzle (see Fig. 2)
K j = constant in Eq. (4)
K2 = constant in Eq. (4)
L - length of nozzle from throat to test section
(e = effective length of nozzle (see Fig. 2)
M = Mach number
n = constant in Eq. (4)
p = static pressure
pc = local static pressure at surface of cone
r = radius or height of nozzle
T - temperature
TW = shear stress at nozzle wall
fji = Mach angle
6 = conical half angle of nozzle (see Fig. 2)
Subscripts
a = value at acoustic origin
aw = adiabatic wall
c = conical approximation to nozzle
p = parallel-conical approximation to nozzle
>v = nozzle wall value
o = stagnation value
oo = freestream value
* = values at M=l
( ~) = rms value

Introduction

DISTURBANCE levels in the freestream of wind tunnels
at Mach numbers greater than about 2.5 are predomi-

nantly pressure disturbances (aerodynamic noise) generated
by the turbulent boundary layer on the walls of nozzles.1
These pressure disturbances have a significant, if not
dominant, effect on the values of the Reynolds number where
transition occurs on simple bodies.2"4 A limited amount of
transition data taken on cones has been correlated using rms
pressure fluctuations measured with a hot wire anemometer in
the freestream and pressure transducers mounted flush with
the surface of cones underneath laminar boundary layers.5"7

A generalization of this correlation was suggested in Ref. 6.
Unfortunately, there are not enough data available where
both transition location and noise levels were measured to
completely define the functional dependence of this general
correlation on other freestream and local parameters. The
suggestion was made in Ref. 6 that if noise data from several
different wind tunnels could be correlated, the large mass of
transition data available in the literature could be used to bet-
ter define this functional dependence on other parameters.
This Note presents a preliminary correlation of data for
freestream disturbance levels in terms of parameters that can
be easily calculated for most wind tunnels.

Data Sources
The fluctuating pressure data were obtained from Refs. 1,

6, and 8-11. Data obtained with hot wires in the freestream
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and with pressure transducers mounted flush with the surface
of cones are included. While it is recognized that the boundary
layer on the cone at the location of the transducer must be
laminar, the proper interpretation of fluctuating pressures
measured on the surface of cones is still open to question for
several reasons.6'12"14 Therefore, the hot wire data and surface
pressure data will be considered separately.

Correlation Parameters
The turbulent boundary layers on the walls of supersonic

wind tunnels generate pressure fluctuations at the wall and
radiate noise into the freestream. The present attempts to
correlate the noise data first used theories for calculating the
radiated noise from a turbulent boundary layer.15'16 These
theories, with some alterations, were suitable for correlating
the low but not the high Mach number data. Therefore, it was
postulated that the fluctuating pressures at the wall and in the
freestream are related, as in Refs. 7 and 17; and the first step
in the derivation of a correlation equation can be expressed as
the following identity

Po

Po
2*
Pa

Poo Pw

Pw TW
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where pw/rw is based on trends of the data presented in Ref.
18 and on the limiting values at M^ =0 and M^^oo from
Lilly's theory.19 A relation satisfying the above requirements
for adiabatic walls is

=f](M00) =2.2 + 4.1(1-e-°JM°°2) (2)

The normalized shear stress, r^/p^, was calculated from tur-
bulent boundary-layer theory20 using freestream conditions in
the test section and distance from the throat of the nozzle to
the acoustic origin. The variation of the ratio p<*>/&„ was ob-
tained from measurements made on the walls and in the
freestream of wind tunnels.18 The low Mach number data for
Poo/Pw presented in Fig. 1 are from the JPL 20-Inch Tunnel
and the total measured values of (p^)2 were "corrected" by
dividing by four22 to represent the noise radiated by one wall
of the square test section. The datum point an M^, —28 is
from an axisymmetric helium tunnel18 (M<X=^2S represents
the equivalent air Mach number18 for helium), and since the
corresponding "one-wall correction" is not known, the curve
was adjusted to a somewhat lower level than the total value
shown. The data in Fig. 1 indicate thatp(X/pw increases with
increasing Mach number, reaches a maximum at some Mach
number, and then decreases. This variation of the ratio
Poo/Pvv is significantly different from that used in Ref. 17.
However, the trend of the data shown in Fig. 1 seems realistic
since p^ cannot increase with Mach number indefinitely
without resulting in negative instantaneous pressures. On the
other hand, pw can increase significantly without resulting in
negative instantaneous pressure at the wall since p^/p^ in-
creases with Mach number.18 Obviously, a curve fit to the
data in Fig. 1 must be somewhat arbitrary.
A third degree polynomial was fitted to the data to give the ex-
pression

^ =f2(M00)=4.0xlO-5M3
00-2.478xlO-3M(X

Pw
+ 4.125xlO-2M00-1.234xlO-2 (3)

which was also required to provide a suitable correlation of
the high Mach number data. This equation will undoubtedly
require some alteration as more data become available.

The volume of the boundary layer that is radiating noise in-
to the test section and the volume into which the noise is being
radiated are important parameters that must be included.
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Fig. 1 Ratio of freestream to wall pressure fluctuations measured in
wind tunnels as a function of Mach number.
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Fig. 2 Approximate geometry for nozzles.

These parameters are characterized by the ratio AS/A where
As is the surface area of the nozzle from the throat to the most
downstream acoustic origin of disturbances that can be detec-
ted by a probe or pressure transducer, and A is the cross-
sectional area of the nozzle at that acoustic origin (see Fig. 2).
To simplify the specification of ASIA\ the location of the
acoustic origin, AS9 and A were obtained by taking the
average values of these quantities calculated from conical and
parallel approximations to the nozzles as indicated in the
lower part of Fig. 2. This averaging process resulted in values
for As and A that agreed well with the actual quantities for
several contoured nozzles.

The equation given by Lilly f o r p w / T w includes the effect of
wall temperature and fluid temperature evaluated within the
boundary layer. In the present correlation this effect is ac-
counted for by the ratio (T0/Tw)n. The final correlation
equation may now be written as

—A fi(M00)f2(M00) (4)

Results
The results of correlating the hot wire anemometer data

with Eq. (4) using n =0.25 are shown in Fig. 3. The values of
the constants Kl and K2 that resulted in the best correlation
were 0.0513 and 0.0017, respectively. In this figure and the
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Fig. 3 Correlation of wind tunnel noise data measured with hot wire
anemometer.
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Fig. 4 Correlation of wind tunnel noise data measured with
pressure transducer at the surface of cones.

subsequent one, the total noise level was used. This was done
because a suitable method is not known for adjusting data
taken in axisymmetric tunnels to the "one wall" case as done
by Laufer.22 The correlation is good at the low noise levels
(associated with low Mach numbers), however, at the higher
noise levels (higher Mach numbers) there is considerable scat-
ter in the data. Some of this scatter is inherent in the data.8

The data from Refs. 8 and 11 lie to the left of the line of per-
fect agreement. This suggests that the correlation could be im-
proved by adjusting Eq. (3) so that values for p^lp^ are
larger when the Mach number is about 8. The higher Mach
number data taken in helium tunnels scatter around the line of
perfect agreement. Thus, while acknowledging these
limitations on the high Mach number data, Eq. (4) appears to
provide a satisfactory correlation of the hot wire data. Even
though some of these data were obtained at M^ = 1.65, the
correlations probably should not be used below Mach num-
bers of 2.5 or 3.0. This is because, for low Mach numbers,
disturbances in the settling chamber are propagated into the
test section without adequate attenuation and disturbance
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levels due to other modes could be significant compared to the
radiated noise.

The data obtained on cones are presented in Fig. 4. Values
for the constants KJy K2, and n in Eq. (4) are 0.0355, 0.0033,
and 0.25, respectively. The correlation is very good except for
the helium data that were obtained at low stagnation tem-
perature. This disagreement between low temperature helium
data and the other data is believed to be due to uncertainties in
the calculated shear stress used in the correlation.

The present attempt to correlate noise data from supersonic
wind tunnels demonstrates the need for more detailed descrip-
tions of facilities in which noise measurements are made.
Thus, if accurate values of acoustic origins, flow properties,
and geometric factors were available, improvements in the
correlation should be possible. Meanwhile, the correlations of
wind tunnel disturbances presented herein will provide useful
predictions of rms pressure disturbances in the freestream of
wind tunnels or on the surface of cones at Mach numbers
greater than 2.5.

References
!Laufer, J., "Aerodynamic Noise in Supersonic Wind Tunnels/'

Progress Kept. No. 20-378, Jet Propulsion Laboratory, Pasadena,
Calif. Feb. 1959, also Journal of the Aeronautical Sciences, Vol. 28,
No. 9, Sept. 1961, pp. 685-692.

2Pate, S.R. andSchueler, C.J., "Radiated Aerodynamic Noise Ef-
fects on Boundary Layer Transition in Supersonic and Hypersonic
Wind Tunnels," AIAA Journal, Vol. 7, March 1969, pp. 450-457.

3Wagner, R.D., Maddalon, D.V., and Weinstein, L.M., "In-
fluence of Measured Free Stream Disturbances on Hypersonic Boun-
dary Layer Transtion," AIAA Journal, Vol. 8, Sept. 1970, pp. 1664-
1670.

4Pate, S.R., "Measurements and Correlations of Transition
Reynolds Number on Sharp Slender Cones at High Speeds," AIAA
Journal, Vol. 9, June 1971, pp. 1082-1090.

5Stainback, P.C., "Hypersonic Boundary Layer Transition in the
Presence of Wind Tunnel Noise," AIAA Journal, Vol. 9, Dec. 1971,
pp. 2475-2476.

6Stainback, P.C., Fischer, M.C., and Wagner, R.D., "Effects of
Wind Tunnel Disturbances on Hypersonic Boundary Layer Tran-
sition," AIAA Paper 72-181, Sand Diego, Calif. 1972.

7Bergstrom, E.R., and Raghunathan, S., "Aerodynamic Noise and
Boundary Layer Transition Measurements in Supersonic Test
Facilities," AIAA Journal, Vol. 10, Nov. 1972, pp. 1531-1532.

8Stainback, P.C., Wagner, R.D., Owen, F.K., and Horstman,
C.C., "Experimental Studies of Hypersonic Boundary Layer Tran-
sition and Effects of Wind Tunnel Disturbances," NASA TN D-7453,
1974.

9Donaldson, J.C. and Wallace, J.P., "Flow Fluctuation
Measurements at Mach No. 4 in the Test Section of the 12-Inch Super-
sonic Tunnel," TR-71-143, August 1972, Arnold Engineering
Development Center, Tullahoma, Tenn.

10Stainback, P.C., Anders, J.B., Harvey, W.D., Cary, A.M. and
Harris, J.E., "An Investigation of Boundary Layer Transition on the
Wall of a Mach 5 Nozzle," AIAA Paper, 74-136, Washington, D. C.,
1974.

11 Laderman, A. J., "Effect of Mass Addition and Angle-of-Attack
on the hypersonic Boundary Layer Turbulence Over a Slender Cone,"
Philco-Ford Corporation Publication No. U-6047, SAMOS, Los
Angeles, Calif., TR 73-397, Sept. 1973.

12Corcos, G.M., "The Structure of the Turbulent Pressure Field in
Boundary Layer Flows," Journal of Fluid Mechanics, Vol. 18, Part 3,
March 1964, pp. 353-378.

13Mack, L.M., "Progress in Compressible Boundary Layer
Stability Computation," Proceedings of the Boundary Layer Tran-
sition Workshop, Vol. IV, 1971, The Aerospace Corporation,
Aerospace Rept. TOR-0172 (S 2816-16-5), Nov., San Bernardino,
Calif.

14McKenzie, J.F., and Westphal, K.V., "Interaction of Linear
Waves With Oblique Shock Waves," The Physics of Fluids, Vol. 11,
No. 11, Nov. 1968, pp. 2350-2362.

15Phillips, O. M., "On the Generation of Sound by Supersonic
Turbulent Shear Layer," Journal of Fluid Mechanics, Vol. 19, Part 1,
1960, pp 1-28.

16Laufer, J. "Sound Radiation From a Turbulent Boundary
Layer," Technical Rept. No. 32-119, Nov. 1961, Jet Propulsion Lab.,
Pasadena, Calif.

17Bergstrom, E.R., and Raghunathan, S., "Flat Plate Boundary
Layer Transition in the Loughborough Univ. of Technology Gun
Tunnel; a Transition-Radiated Aerodynanic Noise Correlation for
Gun Tunnel and Conventional Wind Tunnel Data at Supersonic and
Hypersonic Mach Numers," TT 7107, Aug. 1971, Loughborough
Univ. of Technology, England.

18Fisher, M.C., Maddalon, D.V., Weinstein, L.M., and Wagner,
R.D., "Boundary-Layer Surveys on a Nozzle Wall at M = 20 In-
cluding Hot Wire Fluctuating Measurements," AIAA Paper 70-746,
Los Angeles, Calif. 1970.

19Lilly, G.M., "Wall Pressure Fluctuations Under Turbulent
Boundary Layers at Subsonic and Supersonic Speeds," Note No. 140,
March 1963, The College of Aeronautics, Cranfield.

20Van Drist, E.R. "Turbulent Boundary Layer in Compressible
Fluids," Journal of Aeronautical Science, Vol. 18, March 1951, No.
3, pp. 145-160.

21Laufer, J., Ffowcs Williams, J.E., and Childress, S.,
"Mechanism of Noise Generation in the Turbulent Boundary Layer,"
AGARDograph 90, Nov. 1964.

22Laufer, J., "Some Statistical Properties of the Pressure Field
Radiated by a Turbulent Boundary Layer," The Physics of Fluids,
Vol. 7, No. 8, Aug. 1964, pp. 1191-1197.


